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Capabilities and limitations

• 4-telescope dual field beam combiner

• K band (full), 3 resolutions LOW, MEDIUM, HIGH 
R=22 (11 pixels), 500 (210 pixels), 4000 (1740 pixels)

• SPLIT or COMBINED polarizations

• single or dual field < 2” for UTs or < 5" for ATs

• dual field astrometry

• mK~7 limiting magnitude of FT (ATs) to ~10 (UTs)

• Limit of mK~18 for the science combiner in dual field
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3 Introduction 

After a brief description of the Gravity instrument, an overview of the data processing is presented 
in this introduction section. 

3.1 Brief instrument description 

- Two targets observed with two beam combiners: FT and SC. The fringe tracker acquires 
data at high frequency to track the fringes, typically 300Hz. While the science detector inte-
grates with longer exposure times from some fraction of second to few hundred. 

- Eight Delay Lines (DL): Four piezo and four VLTI DLs apply delays on each of the four 
arms of the interferometer. Controlled by the OPD controller in order to stabilize the fringe 
for integration. 

- Four differential delay lines (DDL) with eight fiber delay lines applying a modeled delay be-
tween science and fringe tracker to center the science fringes. This modeled delay is com-
puted from the angular separation of the science and the fringe tracker target. 

3.2 Instrument data 
The data reduction software will deal with 3 different sources of data. 

- Data coming from the science camera (Science - SC). They contain the scientific 
information. 

- Data coming from the OPD controller (Fringe tracker - FT). They produce information on 
the quality of the fringe stabilization during integration and allow correcting visibility losses 
and they also give the effective fringe tracker phase. They can also contain scientific 
information in single beam mode. 

 
Figure 1 :Simplified view of the GRAVITY instrument 

GRAVITY data sources
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Image: ESO/S. Brunier

Overview

• The Galactic Center, Sgr A* flaring 
• Imaging / modeling: η Carinae and SS 433 
• Spectro-astrometry: BP Crucis 
• Astrometry: Gliese 65 AB and 𝛼 Centauri AB
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Fig. 22. First detection of Sgr A* in infrared interferometry: the top panels show the observed squared visibilities and closure phases for a
five minute exposure centered on Sgr A* during a flare with a peak brightness of about mK ⇡ 15 mag. The prominent modulation in the two
quantities results from the two brightest objects in the field, the flaring Sgr A* and the star S2. The black line is the best fit “binary” model. The
middle left panel displays the reconstructed image from the combination of three exposures around the peak of the flare. The middle right panel
plots the 3� detection limits for a third source in the full data set, for which the average flare brightness was mK ⇡ 15.5 mag. We can exclude a third
source brighter than mK = 17.1 mag for 90% of the area. The lower panel shows the H-band (black circles) and K-band (blue triangles) lightcurve
of Sgr A* during the flare, as measured from the acquisition camera images and derived from the best fit to the interferometric visibilities and
closure phases, respectively.

already include the dispersion in our analysis. We have made
significant progress in the wavelength calibration and we are
currently exploring possibilities to improve the fiber positioning
and object acquisition. The last family of errors to be mentioned
here are related to the laser metrology and the e↵ects of non-
common path aberrations and polarization on the path-length
measurement. Also here we are still in the process of transfer-
ring the theoretical concepts into the actual data analysis and

calibration. The upcoming commissioning runs will concentrate
on these aspects to further improve GRAVITY’s narrow-angle
astrometry towards the goal of 10 µas accuracy.

4. Summary

GRAVITY and the VLTI set new standards in optical/infrared in-
terferometry. Our first observations demonstrate fringe-tracking

A94, page 20 of 23
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K ~ 1.3, double binary (4”)

Binary: 𝛼 Cru AB
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SC visibility amplitude waterfall view (VISAMP SC)
Wavelength channel number in horizontal axis, number of frame in sequence in vertical axis.
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K ~ 1.0 (central source)

η Carinae



GRAVITY Collaboration: First light for GRAVITY
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Fig. 18. Core of ⌘Car at mas resolution: the top left panel displays the baseline coverage of our observations with the ATs. The top right panel
shows the observed spectrum around the He i and Br� emission lines. The lower panels present the reconstructed images for di↵erent wavelengths
(indicated by the green diamonds in the spectrum) across the Br� line. The frames are individually normalized, the minimum brightness corre-
sponds always to 5% of the maximum brightness. The images reveal the complex morphology of the primary wind and its interaction with the
wind from the hidden secondary star.

the following we demonstrate such 10 µas spectro-di↵erential
astrometry on the examples of tracing the wind or gas stream
in the high-mass X-ray binary (HMXB) BP Cru and the broad
line region of the quasar PDS 456.

3.4.1. Tracing the inner region of the HMXB BP Cru

With typical orbital size scales <1 mas, X-ray binaries are be-
yond the imaging resolution of optical/near-infrared interfer-
ometers. As a result, spatial information about the accretion
and outflow processes or binary interaction is typically inferred
from photometry and spectroscopy. For systems containing spec-
tral lines, however, spectro-di↵erential interferometry may be
used to achieve di↵erential astrometry on the few µas scale be-
tween continuum and line emission. This technique builds on
the exquisite di↵erential visibility and phase precision which
GRAVITY achieves by virtue of its fringe tracker and the

possibility for minute long coherent integrations at high spectral
resolution. To demonstrate this techniques, we have observed
the HMXB stars SS 433 (GRAVITY Collaboration et al. 2017a)
and BP Cru (GRAVITY Collaboration et al. 2017b) as part of the
GRAVITY commissioning.

Here we give the example of BP Cru. The observation were
done on the night 18 May 2016 using the four UTs. The to-
tal on-source integration time was 2100 s with individual ex-
posures of 30 s. We took all data in high spectral resolution
(R ⇡ 4500). The binary BP Cru is a canonical HMXB, in which
the massive (>1.85 M�), slowly rotating (P = 696 s) pulsar
GX 301-2 accretes from the strong stellar wind of the early-blue
hypergiant Wray 977 (Kaper et al. 2006) along an eccentric orbit
(e = 0.462). X-ray lightcurves and column densities, however,
show evidence of a more complex accretion mechanism, which
likely includes a gas stream of enhanced density (Haberl 1991;
Leahy & Kostka 2008). Furthermore, X-ray photoionization and
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7. Description of the proposed programme and attachments

Description of the proposed programme (continued)

inner 25 au of wind-wind collision cavity. At � = 1.28, a bright “clump” is observed towards the southeast
of the central continuum emission. We identified this feature as part of the inner primary wind shell created
by the shock of the cavity’s arms after the previous periastron passage in 2014. On the other hand, the 2017
image (at apastron), displays a more compact asymmetric emission at the time the cavity is reconfigured to its
original conical shape and the shell “clump” expanded enough to not being mapped by the shortest baselines
in our data (⇠ 10 mas).

B – Immediate Objective:

We request new GRAVITY observations as part of our monitoring e↵ort to characterize the
colliding wind properties of ⌘ Car over the 5.54 yr period of the binary. The specific objectives are:
a) Determine the e↵ect of the binary’s rotation over the Br� wind-wind collision cavity. The
requested observations will serve to image the cavity after the apastron passage. During this part of the orbital
path, we expect to observe the spiraling process of the cavity walls. This e↵ect will cause a change in the position
angle of the observed southeast cavity wall (hydrodynamical models predict a change within 10�). Detecting
those changes and comparing them with models, such as the ones developed by Madura et al. (2013), will help
us to constraint (i) the orbital parameters, (ii) the cavity’s half-opening angle and (iii) the mass-loss rate of
the primary. Since there are already an imaging epoch at � =0.92 taken with AMBER, it would be specially
important to obtain GRAVITY data with similar baseline lengths to properly compared both epochs.
b) Determine the extension of the He i line-emitting region. We have obtained already the first images
of the He i 2s-2p lines at milliarsecond resolution. The morphology observed in the images is similar to the one
detected for Br� at blue-shifted velocities. However, determine the extension of the He i 2s-2p line-emitting
region is of special importance to constrain whether the observed emission is arising from the cavity walls, the
ionized pre-shock primary wind or a combination of both. Observationally constraining those regions and their
comparison with theoretical models (see e.g., Clementel et al., 2015a, 2015b) will reveal the ionization e↵ect of
⌘B over the interaction region of the winds.

Attachments (Figures)

Fig. 1: The upper panels show one of the AMBER and GRAVITY blue-shifted aperture-synthesis images together with the projected

orbital solution predicted by Teodoro et al. (2016). Morphological changes are observed among them. The orbit’s frame displays

the orbital phases at which the images where obtained. The lowermost panels display, in the orbital plane, three orbital phases,

�=0.5 (lower-left), �=1.0 (lower-middle) and �=1.1 (lower-right), of the wind-wind collision model created by Madura et al. (2013).

- 3 -

Teodoro+ 2016, ApJ, 819, 131
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Fig. 3. Same as Fig. 2, but di↵erent telescope configuration.

functions (van Boekel et al. 2003; Kervella 2007; Weigelt et al.
2007). From this visibility, we derived an axis ratio of 1.07 ±
0.14 and a PA of the major axis of 159.5 ± 47�. The axis ratio
and the PA are not well constrained because the visibility errors
are large and the number of calibrated visibilities is small. This
model visibility function was used to calibrate the visibilities of
the observations made without a calibrator (see Table 1).

2.2. Differential-phase and closure-phase image

reconstruction methods

We used two di↵erent image reconstruction methods, called
below di↵erential-phase method and closure-phase method.
If spectrally dispersed interferograms are available, the
wavelength-di↵erential phases in spectral channels across emis-
sion lines can be used to derive phases of the Fourier transform
of the object in spectral channels across emission lines (Petrov
et al. 2007; Schmitt et al. 2009; Millour et al. 2011; Ohnaka
et al. 2011, 2013; Mourard et al. 2015). This is possible if the
phase of the Fourier transform of the object in the continuum is
known (for example, if the continuum object is unresolvable) or
can be derived from a continuum image reconstructed from con-
tinuum visibilities and continuum closure phases using a clo-
sure phase method. The reconstruction of images from a set

of visibilities and phases of the object Fourier transforms de-
rived from di↵erential phases is discussed in Appendix A. This
method is called di↵erential-phase method in the following sec-
tions. To reconstruct images using the di↵erential-phase method,
we used the minimization algorithm ASA-CG (Hager & Zhang
2006), as described in (Hofmann et al. 2014). The images pre-
sented in Figs. 4, 5, 6, B.1, and B.2 were reconstructed with this
di↵erential-phase method.

Alternatively, we can reconstruct images from visibilities
and closure phases (Jennison 1958). This method is briefly
called closure-phase method in the following sections. We
used the IRBis method (Infrared Bispectrum image recon-
struction method) for image reconstruction (Hofmann et al.
2014). The images presented in Fig. A.1 were reconstructed
with the closure-phase method. Data processing is discussed in
Appendix A in more detail.

3. Velocity-resolved aperture-synthesis images

of ⌘ Car’s stellar wind and wind-wind collision

zone across the Br� line

We reconstructed images with both methods (di↵erential- and
closure-phase method) discussed in Sect. 2. Both methods
were used to illustrate the similarities and di↵erences of the
reconstructions.

Figure 4 presents the images reconstructed from the obser-
vations listed in Table 1 using the di↵erential-phase method
(Sect. 2). The reconstructed digital images are availale at the
CDS. The images clearly show a strong wavelength dependence
across the Br� line. One of the most remarkable features of the
images is the fan-shaped structure extending to the southeast
(SE; from PA ⇠ 90� to ⇠180�) at velocities between approx-
imately �376 and �140 km s�1. Figure 5 shows the image at
�277 km s�1 to illustrate the asymmetric, fan-shaped structure
and its size. As we will discuss in the next section, the size,
structure, and velocity dependence of these images suggest that
we have obtained the first direct images of the walls of the wind-
wind collision cavity. Another interesting and unexpected struc-
ture is the bar-like structure that extends to the southwest (SW)
in the images at velocities from �426 to �339 km s�1.

The images presented in Fig. A.1 were reconstructed with
the closure-phase method (see Sect. 2). For the reconstructions
in Fig. A.1, we used the same data set as for the reconstructions
shown in Fig. 4.

Figures 4 to 6 present images that consist of both contin-
uum and Br� line components. To assist in the interpretation of
the Br� line images, we additionally computed the continuum-
subtracted Br� line images shown in Figs. B.1 and B.2 (these
two figures show images of di↵erent velocity ranges). The
white crosses are the centers of the continuum images. The im-
ages reconstructed with the di↵erential-phase method (Fig. 4)
seem to have a slightly higher signal-to-noise ratio than the
closure-phase images (Fig. A.1) because of the larger amount
of Fourier phase information (i.e., 150 Fourier phases instead
of 50 closure phases). Therefore, the di↵erential-phase im-
ages were used to compute all continuum-subtracted Br� line
images.

The continuum-subtracted images in Figs. B.1 and B.2 show
the correct Br� brightness of the images, because they are not
normalized to the peak brightness as the images in all previous
figures. The computation of the continuum-subtracted images is
discussed in Appendix B.
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Fig. 18. Core of ⌘Car at mas resolution: the top left panel displays the baseline coverage of our observations with the ATs. The top right panel
shows the observed spectrum around the He i and Br� emission lines. The lower panels present the reconstructed images for di↵erent wavelengths
(indicated by the green diamonds in the spectrum) across the Br� line. The frames are individually normalized, the minimum brightness corre-
sponds always to 5% of the maximum brightness. The images reveal the complex morphology of the primary wind and its interaction with the
wind from the hidden secondary star.

the following we demonstrate such 10 µas spectro-di↵erential
astrometry on the examples of tracing the wind or gas stream
in the high-mass X-ray binary (HMXB) BP Cru and the broad
line region of the quasar PDS 456.

3.4.1. Tracing the inner region of the HMXB BP Cru

With typical orbital size scales <1 mas, X-ray binaries are be-
yond the imaging resolution of optical/near-infrared interfer-
ometers. As a result, spatial information about the accretion
and outflow processes or binary interaction is typically inferred
from photometry and spectroscopy. For systems containing spec-
tral lines, however, spectro-di↵erential interferometry may be
used to achieve di↵erential astrometry on the few µas scale be-
tween continuum and line emission. This technique builds on
the exquisite di↵erential visibility and phase precision which
GRAVITY achieves by virtue of its fringe tracker and the

possibility for minute long coherent integrations at high spectral
resolution. To demonstrate this techniques, we have observed
the HMXB stars SS 433 (GRAVITY Collaboration et al. 2017a)
and BP Cru (GRAVITY Collaboration et al. 2017b) as part of the
GRAVITY commissioning.

Here we give the example of BP Cru. The observation were
done on the night 18 May 2016 using the four UTs. The to-
tal on-source integration time was 2100 s with individual ex-
posures of 30 s. We took all data in high spectral resolution
(R ⇡ 4500). The binary BP Cru is a canonical HMXB, in which
the massive (>1.85 M�), slowly rotating (P = 696 s) pulsar
GX 301-2 accretes from the strong stellar wind of the early-blue
hypergiant Wray 977 (Kaper et al. 2006) along an eccentric orbit
(e = 0.462). X-ray lightcurves and column densities, however,
show evidence of a more complex accretion mechanism, which
likely includes a gas stream of enhanced density (Haberl 1991;
Leahy & Kostka 2008). Furthermore, X-ray photoionization and
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• Black hole (likely) - blue supergiant high mass X-ray binary (HMXB)
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Fig. 1.—(a) Total intensity image at 4.85 GHz observed with the VLA in
A configuration. Overlaid is the projection on the sky of two oppositely directed
jets (composed of individual bolides ejected one per day in each direction) a
distance 5.5 kpc from us, having a constant ejection speed 0.26c, whose axis
precesses every 162 days and is at an angle of 78! to our line of sight (making
an angle of 10! with respect to the east-west direction) and tracing out a cone
of semiangle 19!. The blue regions of the line indicate the bolides (whose
motion is assumed to be ballistic) that are traveling toward us, and the red
regions indicate the bolides moving away from us. To first order, the kinematic
model seemingly shows a reasonable average fit to the data. (b) Sobel-filtered
version of the image shown in (a) revealing more clearly the inadequacies of
the standard kinematic model with respect to the data. Implementation of the
nodding parameters quoted by Stirling et al. (2002) makes only a modest
difference to the appearance of the trace from the simple kinematic model.
The white circle in the lower right corner is the size of the 0!.35 # 0!.35
synthesized beam.

square root of the sum of the squares of the directional deriv-
atives in two orthogonal directions. The ridgeline shows up as
dark since the gradient changes from positive to negative across
the jet profile.

Distortions in the image introduced by the finite speed of
light are independent of distance, so in the absence of such
detailed departures as are evidence in Figure 1, the jet speed
and hence the distance would be extremely accurately deter-
mined. Nonetheless, the speed can be determined quite accu-
rately under the assumptions that the jets are symmetric and
that special relativity is correct: for a pair of bolides launched
simultaneously but ejected in opposite directions, each having
velocity of magnitude b in units of c and making an angle v
to our line of sight, the ratio of their separations from the central
core is given by

S 1 ! b cos vapp p , (1)
S 1 " b cos vrec

where is the separation of the bolide that is approachingSapp

us from the central core projected on the plane of the sky and
is the same for the receding bolide. The validity of theSrec

assumption of symmetry is established in § 4.
A comparison of the separations from the central core to

opposite pairs of well-defined points where the ridgeline crosses
the mean jet axis (shown as the yellow line in Fig. 1b) yielded
speeds of , , and(0.24 " 0.015) c (0.25 " 0.03) c (0.27 "

and hence a distance of kpc. Note that this0.04) c 5.5 " 0.2
is independent of assumptions from optical data, in contrast
with previous estimates. This value of the distance is rather
larger than that derived from quasi-daily milliarcsec monitoring
(Stirling et al. 2002), which is vulnerable to temporary devi-
ations from the kinematic model, which we explore in § 4,
during observation, together with the degeneracies mentioned
in § 1.

A distance of kpc is somewhat above the weak5.5 " 0.2
upper limit of 3.8 kpc for the distance to SS 433 that van
Gorkom et al. (1980) found from H i absorption measurements
(together with a strong lower limit of 3.0 kpc); kpc5.5 " 0.2
is substantially greater than the distance of 3.1 kpc inferred
from neutral hydrogen measurements by Dubner et al. (1998).
They suggested that a gas cloud, seen in H i emission, is in-
teracting with W50: the inferred velocity of this cloud implies
a distance of 3.1 kpc if the rotation model of the Galaxy is
correct (SS 433’s Galactic coordinates are [39.69, "2.24]).
However, this model assumes purely circular motion and takes
no account, for example, of the presence of a bar in the Galaxy
on the motion of gas near SS 433 (Binney et al. 1991). A
distance of 5.5 kpc for SS 433 implies the same distance to
the W50 nebula.

4. DEVIATIONS FROM THE KINEMATIC MODEL

To verify the assumption of symmetry and investigate devi-
ations from the simple kinematic model, the distance was set to
5.5 kpc, and simulated bolides were launched every 10 days with
equal speeds in each jet, but the speeds were chosen to match
the ridgeline of the east jet. This is illustrated in Figure 2a, where
the beads are color-coded such that matching colors on opposite
sides correspond to bolides launched simultaneously. The beads
shown for the west jet are the symmetric counterparts of the
eastern beads. The assumption of symmetry is very well justified
over the entire image, and outside the innermost precession pe-
riod the test has precision. (Note that although the FWHM of
the point-spread function of these images is 0!.35, the accuracy
with which the centroid of the peak of the jet cross section may
be found (and hence the jet ridgeline known) is ∼0!.035.) The
astonishing accuracy with which the western jet is reproduced
for a distance of 5.5 kpc validates the assumption of symmetry,
our delineation of the ridgeline, and our distance to SS 433.
Figure 2b shows the best fit that can be found for the eastern
jet if the distance to SS 433 is 3.1 kpc. The beads shown for
the west jet are the mirrors of those shown for the east jet;
inspection of Figure 2b reveals that this does a very poor job
of fitting the west jet (quantified in Table 1) and is wholly in-
consistent with jet symmetry. As a consistency check on the
measurements of Table 1, we calculated for the east-jet beads2x
at an assumed distance of 3.1 kpc against the east-jet beads at
an assumed distance of 5.5 kpc (this was 19.9) and for the west-
jet beads at an assumed distance of 3.1 kpc against the west-jet
beads at an assumed distance of 5.5 kpc (this was 110.3).

Figure 3 is a different rendering of the total intensity image
shown in Figure 1a, with the beads from Figure 2a (5.5 kpc
distance) superposed, to clearly demonstrate the consistency

Blundell et al. 2004, ApJ, 616, L159
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Distance 5.5 kpc 
Orbital period 13.1 days  
Precession period 162.5 days



GRAVITY on SS 433

• Observations with 
4 UTs in July 2016 

• Complex spectrum 
due to Doppler line 
shifts

A&A 602, L11 (2017)

Fig. 1. a) Normalized K-band spectrum (with a binning over 2 spec-
tral channels) obtained with GRAVITY. The Br� and He i lines as well
as the expected position of the corresponding jet lines (jet1/jet2 for the
approaching/receding jet) are indicated by vertical lines. We have also
reported the expected position of the Br�jet2 line from the receding jet.
The solid blue/red line corresponds to the emission of the approach-
ing/receding jet components. b) Visibility amplitudes and c) phases on
the UT1-UT3 baseline (the visibility amplitudes and phases of all the
baselines as well as the uv-plane at the time of the observation are shown
in the Appendix, in Fig. B.1). For the phase, we follow the sign conven-
tion of Pauls et al. (2005), such that negative phases point to the baseline
direction. The solid black line corresponds to the best fit model of the
jet lines (see Sect. 3.2.2).

compatible with bremsstrahlung emission produced by the ac-
cretion disc wind, the estimated size at 2 microns of the accretion
disc + wind system then being smaller than 1 mas (Fuchs et al.
2006).

We present in this letter the observation of SS 433 in the
K band performed in July 2016 with the GRAVITY instrument
of the Very Large Telescope Interferometer (VLTI). The spectro-
interferometric capabilities of GRAVITY allow us to resolve this
microquasar at sub-mas spatial resolution for the first time in the
optical. This gives us the opportunity to study on such scales and
simultaneously study the properties of the di↵erent accretion-
ejection components (jets, wind, disk), providing a new look at
this famous source.

2. Observations and data reduction

We used GRAVITY (GRAVITY Collaboration et al. 2017;
Eisenhauer et al. 2011) to perform spectral-di↵erential interfer-
ometry on SS433 with the Unit Telescopes (UTs) of the VLTI.
We recorded 18 data sets at high spectral resolution (R = 4000)
over about 3.5 h on 2016, July 17th. Each measurement con-
sists of five exposures of 60 s integration time. We interlaced our
observations with recordings on two interferometric calibrators,

HD 175322 and HD 1814141. We used the GRAVITY standard
pipeline (Lapeyrere et al. 2014) to reduce and calibrate the ob-
servations. We have checked that the di↵erent files are simi-
lar within errors. Then, to increase the signal-to-noise ratio, we
merged all the files and binned the interferometric observables
over two spectral channels. We used the interferometric data pro-
vided by the fringe tracker (working at a higher frequency, i.e.,
around 900 Hz) to calibrate the continuum. The uv plane at the
date of observation is indicated in the Appendix (Fig. B.1).

3. Results

3.1. K-band spectrum

The K-band GRAVITY spectrum is plotted on the top panel of
Fig. 1. It is very rich with hydrogen Br� and He i lines, as well
as broad features around 2.08, 2.18, and 2.3 µm. The stationary
Br� line is clearly double peaked (see also Fig. 2) while the sta-
tionary He I line shows a P Cygni profile arising in the wind. We
have overplotted in Fig. 1 the positions of the He i, Br�, and Br�
approaching (hereafter jet1, pointing to East) and receding (here-
after jet2, pointing to West) jet lines as predicted by the standard
kinematic model formula (see F04, and reference therein):

1 + z
± = �(1 ± � sin ✓ sin i cos ± � cos ✓ cos i), (1)

where the – and + signs correspond to the jet1 and jet2 compo-
nents, respectively, � corresponds to the jet velocity in units of
light speed, ✓ indicates the precession angle between the jets and
the precessional axis, i the angle between the precessional axis
and the line of sight and  the precessional phase at the obser-
vation date. We use the values determined by Eikenberry et al.
(2001) that is, � = 0.2647, ✓ = 20.92�, and i = 78.05�. At the
date of the GRAVITY observation, the estimated precessional
phase was  ⇠ 0.71. The jet line positions computed with these
parameter values (vertical dashed line in Fig. 1) agree relatively
well with the position of the observed emission features, clearly
supporting a jet origin. The fact that the signs of the phase shifts
(Fig. 1c, see below) are the same for all the “jet1” lines and all
the “jet2” lines, that is, positive (negative) for jet1 (jet2), also
supports the idea that spatially resolved lines originate in the
jets. These features are henceforth referred to here as jet lines.
The parameters of our jet-lines fit (redshift, full width at half
maximum (FWHM), equivalent width) are reported in Appendix
(Table A.1).

We note that at the precession phase of ⇠0.71, the jet is al-
most in the plane of the sky (a favorable geometry to resolve
the jet extension) and, due to the transverse Doppler e↵ect, the
receding and approaching shifts z

± are both redshifts. More-
over, the approaching He i and receding Br� lines are very close
and not distinguishable, producing a blended emission line pro-
file around 2.18 µm. This precessional phase also corresponds
to a near edge-on disk orientation, a precessional phase where
P Cygni profiles are commonly observed in H and He I lines
(F04).

3.2. Visibilities and phases

3.2.1. Continuum

The absolute visibility amplitudes of the continuum are all
higher than 0.7 and display a systematic drop versus baseline
1 The “uniform disk” diameters in the K band are 0.214 ± 0.015 mas
and 0.143 ± 0.010 mas for HD 175322 (Sp. type F7V) and HD 181414
(Sp. type A2V) respectively.
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Appendix A: Jet lines spectral and interferometric

signature modeling

We decompose the contribution from the jet1 (approaching) and
jet2 (receding) components separately as follows:

FNorm(�) = Fjet1(�) + Fjet2(�) + 1, (A.1)

Fjet1(�) = He ijet1 + Br �jet1, (A.2)

Fjet2(�) = He ijet2 + Br �jet2 + Br �jet2, (A.3)

where He ijet1/jet2, Br�jet1/jet2, and Br�jet2 are the flux ratios (fixed
using the average spectrum) between the lines and the contin-
uum. Assuming that the Br�, Br�, and He I lines are emitted from
the same regions, the interferometric di↵erential observables are
given then by Eq. (2). The characteristics of the di↵erent jet lines
(redshift, FWHM, EW) are reported in Table A.1.

Table A.1. Properties of each jet line.

Name Rest wavelength Redshift FWHM EW

(µm) (km s�1) (Å)
Br �jet1 2.166 0.0132 1364 56
Br �jet2 2.166 0.0624 1347 62
Br �jet2 1.944 0.0622 1510 59
He ijet1 2.057 0.0140 1429 37
He ijet2 2.057 0.0631 1027 44

Appendix B: Normalized visibility amplitudes

and phases of the six baselines

The uv plane at the time of the observation, the K-band GRAV-
ITY spectrum as well as the visibility amplitudes and phases for
the six baselines are plotted in Fig. B.1.

Fig. B.1. (Top) uv plane at the time of the observation (average over the full exposure) with the di↵erent baselines indicated by colored points.
The gray line represents the expected jet PA. (Bottom) K-band GRAVITY spectrum (the solid blue/red line corresponds to the emission of the
approaching/receding jet components) as well as the visibility amplitudes (left) and phases (right) for the six baselines. The solid line corresponds
to the best fit model of the jet lines (see Sect. 3.2.2). The symbol colors correspond to the baseline colors indicated in the uv plane.
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SS 433’s central engine

• Central continuum 
source 0.8 mas 

• Unresolved 
transverse width 
of jets 

• New observations 
are foreseen over 
the orbital and 
precession cycle
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Fig. 3. Sketch of the inner region of SS 433. Most (90%) of the infrared
continuum comes from a partially resolved central source of typical size
⇠0.8 mas (central red area). The 10% continuum flux left is produced
by a completely resolved background on a larger scale (>15 mas, back-
ground area). The Br� -line-emitting region size is found to be ⇠1 mas
and is dominated by an East-West component, in the direction of the
jet (yellow area). The measured position angle of the jet is ⇠ 80�. The
jet profile is unresolved in the transverse direction (<1.2 mas). The in-
tensity profile along the jet axis is best characterized by an emission
peaking at the continuum position and decreasing exponentially on a
scale of 1.7 mas.

4. Discussion

Our GRAVITY observations of SS 433 allow us to resolve its
accretion-ejection structure at sub-mas scale. A sketch summa-
rizing our results is shown in Fig. 3. Most (90%) of the infrared
continuum comes from a partially resolved central source of
typical size ⇠0.8 mas potentially dominated by emission from
outflowing material forming a circumbinary disc (Fuchs et al.
2006). The 10% continuum flux left over could be produced by
a completely resolved background on a larger scale (>15 mas).
This background shows no asymmetry (no closure phase is mea-
surable in the continuum) that could suggest a link with the jets.
On the other hand it is relatively extended. It could be the cir-
cumbinary material excreted by the binary system and illumi-
nated by the inner region emission (Fabrika 1993). Jet lines are
clearly present in the spectrum. The measured position angle of
the jet is fully consistent with the PA (⇠80�) derived from the
kinematic model at a precession phase  = 0.71. The jet pro-
file is unresolved in the transverse direction (<1.2 mas at 3�),
as expected since both optical and X-ray emission line widths
indicate a jet opening angle ✓ j ⇡ 1.5� (Borisov & Fabrika 1987;
Marshall et al. 2002). The intensity profile along the jet axis is
best characterized in our data by an emission peaking at the
continuum position and decreasing exponentially on a scale of
1.7 mas = 1.4 ⇥ 1014 cm.

This profile for the jet intensity is certainly not unique. How-
ever, the relatively strong decrease of the visibility amplitude
across the jet lines for all the baselines, as well as the similar
phase behavior of the jet lines produced by the same jet compo-
nent , strongly support a sharply decreasing two-sided intensity
profile for the jet.

During the ⇠4 h observation, the jet material traveling at
0.26c moves by ⇠1.3 mas, that is, of the order of the size of the
jet structure. This implies that rapid flux decay must occur dur-
ing propagation along the jet to explain the exponential decay
of the jet intensity profile. Interestingly, an exponential profile
was also used by Borisov & Fabrika (1987) to fit the flux decay
timescale of individual kinematic components in the H↵ profile.
They found an o↵set of the jet emission by 4⇥1014 cm (4.8 mas)
from the core and with a larger spatial extent of 6.7 ⇥ 1014 cm
(8.1 mas) (see also F04). A direct comparison is di�cult how-
ever given the non-simultaneity of these observations and the
known variability of the jet structure. Moreover, the NIR and
optical lines may have di↵erent emissivity profiles (e.g., because
of increased extinction in the optical compared to the NIR).

Our observation unambiguously fixes the size of the jet in-
frared line emission region (⇠1.4 ⇥ 1014 cm). Given the av-
erage jet-line luminosities, this size is far too large for the
(conical) jet to be entirely filled with emitting gas, and a rel-
atively small clump filling factor (⇠10�5) is required (e.g.,
Davidson & McCray 1980; Begelman et al. 1980; Panferov &
Fabrika 1997). Clumping is likely to be due to thermal instabili-
ties in a hot outflow, with the outflow initially driven by radiation
pressure in the funnel of an accretion disk (Davidson & McCray
1980). X-ray line variability limits the hot outflow region to
<4 ⇥ 1013 cm (Marshall et al. 2013). Our observation shows that
the IR emission is displaced by less than 0.2 mas = 1.6⇥ 1013 cm
from the central binary system, confirming that clumping origi-
nates early on in the hot outflow. It also suggests that line lock-
ing (Milgrom 1979), if relevant to explain the amplitude and
stability of the 0.26c jet velocity, operates on elements heavier
than hydrogen to be e�cient on this small scale (Shapiro et al.
1986). Models show that continuous heating of the clumps
is required to explain optical emission on a scale of 1014 cm
(Brinkmann et al. 1988). Future comparison of observed and
theoretical intensity profiles may shed light on this heating pro-
cess (Brinkmann & Kawai 2000).

The stationary Br� line shows a broad and double peaked
profile and the interferometric observables suggest a geometry
dominated by an East-West component, in the direction of the
jet, such as a (rather polar) disk wind. Then, both receding and
approaching components must be present to explain the change
of sign of the phases across the line. Taking the wavelength of
the phase extrema as the corresponding blue and redshifted line
produced by the wind, we infer a velocity of ⇠600 km s�1 and
⇠2000 km s�1 for the approaching and receding flow, respec-
tively. We also observe a similar dissymmetry in the phases,
which are significantly smaller in the blue part of the line. Ab-
sorption e↵ects could play a role here. Indeed at the precessional
phase of the GRAVITY observation, the accretion disk has a near
edge-on orientation and strong absorption from the wind could
a↵ect the line profile (like the P Cygni profile of He i), especially
in its blue part.

The results presented here demonstrate the potential of
spectro-interferometry to dissect the super-Eddington outflows
and jets of SS 433. Additional insights will be gained in the fu-
ture by monitoring this source at di↵erent precession and orbital
phases with GRAVITY to obtain spectro-interferometric con-
straints on the stationary and jet-line variability.
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The HMXB BP Crucis
• Blue hypergiant donor 

(wind) ~40 Msun 

• Accreting neutron star 
(pulsar) >1.8 Msun 

• Orbital period 41.5 d 

• Distance ~ 3 kpc 

• mK~5.7 

• Observed with 4 UTs in 
May 2016, R=4000
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Figure 4. Continuum visibility amplitudes (spectrum av-
erage) measured by the fringe tracker. Disk models with
varying angular diameters are shown for comparison.

We note that the continuum closure phases are zero
to within the noise limit (RMS < 1�) on all baselines.
The closure phase is much more robust to systematic er-
rors than the visibility amplitudes, and therefore there is
strong indication for a symmetrical continuum emission.
Since, in addition, the source is very close to unresolved,
there is no big di↵erence between using a disk, Gaussian
or any similar model for the continuum |V |

2. We choose
a uniform disk model with the angular diameter as the
only parameter.

Figure 4 shows the squared visibility modulus mea-
sured by the FT, averaged over the five spectral channels
for each baseline. The error bars include the measure-
ment errors from the science object, as well as from the
calibrator object and the calibrator diameter’s system-
atic uncertainty ⇠ 1%. Disk models with the indicated
angular diameters are also plotted for comparison.

The data is most consistent with an unresolved con-
tinuum of size ✓d . 0.2 mas. Because the continuum
size is in the very challenging limit that is well below
the interferometer canonical resolution ✓ ⌧

�

|B| ⇠ 3
mas, the measurements are very sensitive to systematic
errors between baselines. We therefore restrain from a
formal fit, and restrict to providing a very conservative
upper limit to the continuum size ✓d . 0.4 mas. Struc-
tures larger than this are clearly inconsistent with the
data, as shown in Figure 4.

2. Di↵erential Visibilities and Phases

For treating the di↵erential visibility signatures, we
averaged the seven files after normalizing the visibility
amplitudes to an unresolved continuum. The visibility
phases are output from the pipeline already mean and
slope subtracted i.e. as di↵erential quantities.

Figure 5 shows the di↵erential visibility amplitudes
across the Br� line for the six baselines at hand. The

photospheric-corrected flux ratio (see Appendix B) be-
tween the continuum and the line emission is also shown
for comparison. In general, the visibility amplitudes
show, for some baselines, a decrease at the lines rela-
tive to the continuum, which is indicative of extended
or multi-component emission. However, the peak of the
|V | drop does not happen at the center of the line, but
rather it is displaced to the blue side. Figure 6 shows
the di↵erential visibility phases. They show larger, neg-
ative values on the blue side of the line and, for some
baselines, smaller, positive values on the red side of the
line. Such ”S-shaped” di↵erential visibility signatures
across a line are typical interferometric tracers of rota-
tion (e.g., they are often observed in Be stars, in which
they are attributed to extended equatorial disks, but
in these systems the blue and red phase signatures are
roughly symmetric, Meilland et al. 2012). The black
lines in the plots are model-independent fits to the data
and will be discussed in the following section.

Similar interferometric features in both di↵erential
visibility amplitudes and phases are also found across
the HeI 2.059µm line. However, this region of the spec-
trum su↵ers from a particularly high level of noise due
to the GRAVITY metrology laser and the large telluric
absorption. For instance, the RMS in the visibility am-
plitude, estimated from the scatter in the continuum
region around the lines, is 0.4% and 1.2% for Br� and
HeI, respectively. Similarly, the corresponding values
for di↵erential visibility phases are 0.2� and 0.6�. That,
in addition to the more complicated (P-Cygni) shape of
the line, led us to focus our analysis on the Br� line. We
show in Figure7 the visibility signatures across the HeI
2.059µm line for some representative baselines.

Several factors point to the credibility of such fea-
tures. The wavelength alignment between the extracted
spectrum for each telescope agrees to <

1
2 of a resolu-

tion element. Similar features are not found at other
lines in the spectrum, either related to the science ob-
ject (e.g. HeI 2.113/4µm) or telluric. Moreover, they
show up with di↵erent strengths for di↵erent baselines
(as expected for any reasonable interferometric model)
and are consistent between the two emission lines. Fi-
nally, for the di↵erential visibility amplitudes, the fea-
tures are strongest in three baselines which encompass
all of the four telescopes, whereas for the di↵erential vis-
ibility phases a signature is detectable in five of the six
baselines.

3. Closure Phases

Closure phases are sums of visibility phases formed in
a closed triangle of baselines which are independent of
telescope errors. For this reason they are robust probes
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Figure 3. Comparison of Wray 977’s GRAVITY spectrum
with isolated stars of similar spectral type (Hanson et al.
1996). The GRAVITY spectrum has been degraded to the
resolution of the ⇣1 Sco spectrum (R ⇠ 1, 500). The other
two spectra have slightly lower resolution, R ⇠ 800. Note
the more prominent HeI 2.059µm emission and the Br� line
in emission for Wray 977. The stars have di↵erent wind
properties, with Wray 977 having the densest wind.

the systemic velocity of the system as well as the ra-
dial velocity of the supergiant (which is very small,
|v| < 10 km/s, Kaper et al. 2006). We obtain slightly
inconsistent results for the two lines, but this can eas-
ily be caused by the limited spectral resolution which
causes them to be partially blended. A robust result
is that the wind emission lines are systematically red-
shifted with respect to the photospheric lines.

2. Discussion

The HeI 2.059µm line has an unsaturated P-Cygni
profile, which suggests an optically thin wind. This line
is highly sensitive to temperature and wind properties
and becomes very active in OB supergiants, acting as
a tracer of extended atmospheres (Hanson et al. 1996).
Wray 977 has an estimated mass-loss rate ⇠ 5 � 10⇥

higher than the comparison stars shown, which is con-
sistent with the stronger emission.

The Br� in emission in Wray 977 is a clear deviation
from the isolated comparison stars. One explanation
could be that its denser wind drives the line into emis-
sion. Unfortunately, these are the only currently known
galactic early-B hypergiants of subtype earlier than 2
(Clark et al. 2012), so this hypothesis cannot be tested
observationally. Using detailed stellar atmosphere codes
to test this hypothesis is beyond the scope of this paper.
Preliminary results (F. Martins, private communication)
and previous work (Clark et al. 2003) suggest that this
could indeed be the case.

Another possibility is that the Br� emission could be
caused by denser accretion structures present in the sys-
tem. As a recombination line, Br� emission is usually

very sensitive to density (Kudritzki & Puls 2000). There
are many reports in the literature of Br� emission lines
in X-ray binary systems originating from the accretion
disk and its wind. Shahbaz et al. (1999) reports on a
double-peaked Br� emission line for the LMXB V616
Mon, in which the donor star is a K-type dwarf that
should not show such an emission line. Bandyopadhyay
et al. (1999) reports on Br� lines with P-Cygni shape
from the LMXB systems Sco X-1 and GX13+1. In the
latter, the donor star is a K-type giant that is not ex-
pected to have emission in Br�, whereas in the former
the wind terminal velocity is too high to be associated
with the O-type donor star wind. In both cases, an
accretion disk wind is evoked to explain the emission.
Perez M. & Blundell (2009) report on a spectroscopic
campaign to decompose the Br� emission line of the
HMXB and microquasar SS433, and are able to find
several emission components, including a double-peaked
accretion disk component. Also in this case, the A-type
donor star supergiant is not expected to show such emis-
sion line. In several of these cases, HeI lines in the K
band, most notably HeI 2.059µm, are also in emission.

In HMXBs such as BP Cru, where a stable accretion
disk is not expected, associating Br� or HeI line emis-
sion with an accretion structure is less obvious. How-
ever, this possibility should not be excluded in the case
of BP Cru, since a gas stream of enhanced density that
could be dominating the mass-loss rate is expected to
be present. The redshifted wind emission relative to the
photospheric lines could be explained by such a structure
or, more generally, by asymmetries in the wind caused
by X-ray heating or gravitational disruption by the pul-
sar.

5. INTERFEROMETRIC RESULTS

Here we focus on the main results from the interfero-
metric data. We divide this section in two parts: con-
tinuum visibilities and spectral di↵erential visibilities.
For the purposes of data analysis, the seven files were
averaged, with the corresponding (u, v) coordinates av-
eraged linearly, as appropriate given the short time in-
terval (⇠1h20min) spanned by the files. Such interval is
also negligible compared to the orbital period and X-ray
variability timescale.

1. Continuum Size and Asymmetry

Here we estimate an upper limit on the continuum size
from the continuum visibility amplitudes. The most re-
liable visibility amplitude estimator is the squared visi-
bility modulus of the fringe tracker (FT), since it mea-
sures the fringe visibility within the coherence time of
the atmosphere.

Spectrum

Continuum angular size

Waisberg et al. 2017, ApJ, 844, 72
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Figure 6. Di↵erential visibility phases at Br� line (red) and normalized photospheric-corrected flux ratio (blue). For each
baseline, the projected baseline length and the position angle are also shown. In black, we show model-independent fits to the
visibility phases (see text for details).

The main advantage of using spectral di↵erential visi-
bility measurements is that they are much less suscepti-
ble to systematic errors that can a↵ect the absolute visi-
bility quantities. The errors in fringe contrast and phase
are, in general, monotonic functions of the phase di↵er-
ence caused by spurious OPDs between baselines, �� =
2⇡
�

OPD. The error in the di↵erential quantities will
then have the form f(d��) ⇡ f(�2⇡

OPD

�

d�

�
), which is

greatly reduced with respect to the non-di↵erential er-
ror when d�

�
⌧ 1, which is the case, for example, when

using the wavelength of a narrow line compared to the
continuum around it. On top of that, the di↵erential
quantities are not a↵ected by wavelength-independent
errors and are robust to low-order spurious e↵ects along
the spectrum given the narrowness of the spectral lines.

2.1. Model-independent Analysis in the Marginally

Resolved Limit

The downside of spectral di↵erential quantities is that,
when imaging is not possible, their ultimate interpreta-
tion relies on knowing the spectral decomposition of the
line, in case there is more than one emission compo-
nent. Given the likely complex nature of the source in

question and the many possible components in the sys-
tem (hypergiant photosphere, wind, pulsar, gas stream,
accretion disk etc), it would be useful to derive model-
independent properties about the image that any model
would have to reproduce. In general, this is not possi-
ble without image reconstruction, which requires a much
more dense u-v sampling than we have available here.

However, when the interferometric signatures are
small, such as is the case here, spectral di↵erential
quantities nicely fit into the special framework of the
marginally resolved limit in interferometry. Lachaume
(2003) lays out the formalism of this limit focusing on
absolute visibilities and closure phases, showing that
the visibility signals can be related to the moments of
the flux distribution in a model-independent way. We
present a similar analysis in Appendix C, focusing on
spectral di↵erential signatures. In summary, the validity
of this limit for this data set is confirmed by large vis-
ibility amplitudes |V | > 90%, small (< 3�) di↵erential
visibility phases and vanishing closure phases (or clo-
sure phases that are much smaller than the individual
visibility phases). Our data satisfy all 3 conditions.

Waisberg et al. 2017, ApJ, 844, 72
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Figure 6. Di↵erential visibility phases at Br� line (red) and normalized photospheric-corrected flux ratio (blue). For each
baseline, the projected baseline length and the position angle are also shown. In black, we show model-independent fits to the
visibility phases (see text for details).

The main advantage of using spectral di↵erential visi-
bility measurements is that they are much less suscepti-
ble to systematic errors that can a↵ect the absolute visi-
bility quantities. The errors in fringe contrast and phase
are, in general, monotonic functions of the phase di↵er-
ence caused by spurious OPDs between baselines, �� =
2⇡
�

OPD. The error in the di↵erential quantities will
then have the form f(d��) ⇡ f(�2⇡

OPD

�

d�

�
), which is

greatly reduced with respect to the non-di↵erential er-
ror when d�

�
⌧ 1, which is the case, for example, when

using the wavelength of a narrow line compared to the
continuum around it. On top of that, the di↵erential
quantities are not a↵ected by wavelength-independent
errors and are robust to low-order spurious e↵ects along
the spectrum given the narrowness of the spectral lines.

2.1. Model-independent Analysis in the Marginally

Resolved Limit

The downside of spectral di↵erential quantities is that,
when imaging is not possible, their ultimate interpreta-
tion relies on knowing the spectral decomposition of the
line, in case there is more than one emission compo-
nent. Given the likely complex nature of the source in

question and the many possible components in the sys-
tem (hypergiant photosphere, wind, pulsar, gas stream,
accretion disk etc), it would be useful to derive model-
independent properties about the image that any model
would have to reproduce. In general, this is not possi-
ble without image reconstruction, which requires a much
more dense u-v sampling than we have available here.

However, when the interferometric signatures are
small, such as is the case here, spectral di↵erential
quantities nicely fit into the special framework of the
marginally resolved limit in interferometry. Lachaume
(2003) lays out the formalism of this limit focusing on
absolute visibilities and closure phases, showing that
the visibility signals can be related to the moments of
the flux distribution in a model-independent way. We
present a similar analysis in Appendix C, focusing on
spectral di↵erential signatures. In summary, the validity
of this limit for this data set is confirmed by large vis-
ibility amplitudes |V | > 90%, small (< 3�) di↵erential
visibility phases and vanishing closure phases (or clo-
sure phases that are much smaller than the individual
visibility phases). Our data satisfy all 3 conditions.
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Figure 9. Top. Model-independent centroid positions for
each wavelength across the Br� line (continuum is at (0,0)).
The image on the blue side of the line has a larger centroid
shift as compared to the image on the red side. Bottom.
Same as above, but using the flux ratio to derive the barycen-
ter of the line emission. The hypergiant and the predicted
four possible pulsar positions are also shown.

Figure 10. Model-independent variances of the image as a
function of wavelength across the Br� line. The blue part of
the line has higher values, which suggests that the emission
must be coming from larger scales.

from the visibility phases, they are not included in the
fit; in other words, a good fit with respect to di↵eren-
tial visibility phases should automatically be consistent

Figure 11. Visibility amplitude vs phase as the separation
is changed for a 1D binary model with flux ratio f = 0.3 and
u coordinate 0.2 mas�1. The measured visibility amplitudes
⇠ 95% and phases ⇠ 1 � 2� are not compatible with this
simple model.

with di↵erential closure phases. The resulting centroid
fits are identical to those shown in Figure 9 (bottom),
as they should, since we are likewise assuming here that
only one (spherically symmetric) structure contributes
to the emission. The resulting wind sizes, as a function
of wavelength, are shown in Figure 12.

The resulting wind FWHM (from ⇠ 0.8 mas on the
red part of the wind up to ⇠ 1.5 mas on the blue part)
would imply that there is substantial emission in Br� up
to ⇠ 4 � 7 ⇥ R⇤. On the other hand, the non-Lyman H
lines in hot stars are usually recombination lines, which
means that their source function is roughly Planckian
and stays approximately constant throughout a wind
that is at radiative equilibrium. At the same time, their
opacity  / ⇢

2 is a very sensitive function of density,
and for an accelerating wind with a fast-decaying den-
sity profile (⇢ /

1
r2v(r) ), only the innermost (⇠ 1�1.5R⇤)

regions of the wind would have a substantial contribu-
tion to the emission (Kudritzki & Puls 2000). A vary-
ing temperature profile and the dependence of optical
depth with velocity gradient (⌧ /

dv

dr
) might smooth the

density decay, but it is unlikely to resolve the discrep-
ancy in the case of Wray 977, where the CAK wind law
(Castor et al. 1975) predicts a density at 4R⇤ that is
already ⇠

1
1000 of the value at R⇤. A radiative trans-

fer calculation to determine the emission region of Br�
in the wind is beyond the scope of this work; nonethe-
less, preliminary results (F. Martins, private communi-
cation) show that a dense wind could indeed bring Br�
into emission, but the emission region would be sharply
peaked between ⇠ 1.3�3R⇤, therefore unable to account
for such extended emission. Mid-infrared observations
of BP Cru have detected the presence of dust and the
possibility that the binary system is enshrouded by a
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Fig. 9. Left: orbital fit of GJ65 AB. The measurements are shaded according to their accuracy (darker for more accurate measurements). Right:
residuals of the fit, with an enlargement of the recent high-accuracy measurement epochs.

Our orbital fit does not show astrometric residuals in the pe-
riod 1997�2011 at a level of approximately ±5 mas. This the-
oretically limits the possible presence of a massive compan-
ion orbiting either of the individual dwarf stars at a level of
approximately 0.6/aP Jupiter masses, with aP the semi-major
axis of the planet orbit in arcseconds. Considering the size of
the orbit of the GJ65 pair, setting an upper limit of 0.200 to the
potential planet orbital separation around either of the two stars
results in a sensitivity limit of a few Jupiter masses. Our time
coverage is very insu�cient to conclude at this level of sensi-
tivity, however, because a regular astrometric coverage at mil-
liarcsecond accuracy over several years would be necessary. Our
non-detection of companions is in line with the conclusion of
Bower et al. (2009) from radio astrometry of GJ65 B.

4. Comparison with Proxima

4.1. GJ65 AB age, metallicity, and the mass-radius relation

In Fig. 10 (top panel) the positions of GJ65 AB and Proxima in
the mass-radius (M–R) diagram are superimposed on theoreti-
cal isochrones from Bara↵e et al. (2015), hereafter BHAC15. In
this diagram, the radii of GJ65 A and B are consistent with very
young stars aged between 200 and 300 Myr. However, such a
young age is incompatible with the observed absolute infrared
magnitudes of GJ65 A and B, which are too faint compared
to young BHAC15 models by approximately 0.3 mag in the
JHK bands. This is illustrated in Fig. 10 (bottom panel) for the
H band, but the same behavior is observed in the J and K bands.

To test whether GJ65 belongs to the old population of
the Galactic thick disk, we determine in this paragraph its
Galactic space velocity vector. The proper motion of GJ65 is
µ↵ = +3296.2 ± 5.5 mas yr�1 and µ� = +563.9 ± 5.5 mas yr�1

(Salim & Gould 2003). The mass ratio mB/mtot together with the

radial velocities of GJ65 A and B give a barycentric radial ve-
locity of Vrad = +39.04 ± 0.20 km s�1. From its coordinates,
parallax, proper motion and barycentric radial velocity, the
Galactic space velocity vector of GJ65 in the local standard
of rest (LSR) is (U,V,W) = (�34.93,�6.88,�21.73) km s�1,
which is consistent with Croswell (1995). We considered for
this computation the J2000 transformation matrix to Galactic
coordinates from the introduction to the Hipparcos catalog,
and we assumed a velocity of the Sun with respect to the LSR
of (U,V,W)� = (+11.1,+12.2,+7.25) km s�1 (Schönrich et al.
2010). We followed the convention of U positive toward the
Galactic center, V in the direction of Galactic rotation, and
W toward the North Galactic pole. According to Fig. 7 of
Coşkunoǧlu et al. (2011), this velocity vector indicates that GJ65
probably belongs to the thin disk of the Milky Way, so the deter-
mined Galactic space velocity vector does not constrain signifi-
cantly its age. The velocity vector components however indicate
that the binary is probably a member of the old thin disk popula-
tion, with an age between 1 and 8 Gyr (Croswell, priv. comm.).

The radii we derive for GJ65 A and B are ⇡15% larger than
the radius of Proxima (GJ551): R(Proxima) = 0.141 ± 0.007 R�
(Demory et al. 2009). The masses are almost identical for the
three stars as M(Proxima) = 0.123 ± 0.006 M�, which is within
1� of our determinations of the masses of both GJ65 A and B
(Table 4). In contrast with GJ65 A and B, the position of Prox-
ima in the M–R diagram is well reproduced by the BHAC15
models. Its mass was predicted by Demory et al. (2009) from
the M–L relations by Delfosse et al. (2000). As discussed in
Sect. 2.2, the accuracy of these relations may not be very good
for such VLMS whose absolute magnitudes are close to the
limit of the calibrated range. However, the mass of Proxima
would have to be unrealistically low (⇡0.09 M�) to di↵er from
the BHAC15 models as much as GJ65 A and B. The agree-
ment for Proxima is also better on the e↵ective temperature:
Ségransan et al. (2003) obtained Te↵ = 3042 ± 117 K, close to

A127, page 9 of 12
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• Pair of M5.5V and M6V dwarfs 
• Orbital period 26 years 
• Distance 2.7 pc



Beam swapping of GJ 65 AB

Page 8 / First dual mode file: /Volumes/GRAVITY-1TB/2017-01-04/astroreduced/GRAVITY.2017-01-04T01-53-51_astroreduced.fits

(1/2) Residual dOPD from phase after FC+TEL GD fit
dOPD (mic) from WRAPPED phase vs. time (h), median over lbd.
Swap with disp. corr.: NO=Red, YES=Orange x (-1).

-1.00e-01 0.00e+00 1.00e-01 2.00e-01 3.00e-01 4.00e-01
-1.50e+00

-1.00e+00

-5.00e-01

0.00e+00

5.00e-01

1.00e+00

1.50e+00

Base K0J2   RMS(swapNO)= 0.012 microns   RMS(swapYES)= 0.020 microns

-1.00e-01 0.00e+00 1.00e-01 2.00e-01 3.00e-01 4.00e-01
-1.50e+00

-1.00e+00

-5.00e-01
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1.50e+00

Base K0G1   RMS(swapNO)= 0.038 microns   RMS(swapYES)= 0.049 microns

-1.00e-01 0.00e+00 1.00e-01 2.00e-01 3.00e-01 4.00e-01
-1.50e+00

-1.00e+00

-5.00e-01

0.00e+00

5.00e-01

1.00e+00

1.50e+00

Base K0A0   RMS(swapNO)= 0.036 microns   RMS(swapYES)= 0.036 microns
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(2/2) Residual dOPD from phase after FC+TEL GD fit
dOPD (mic) from WRAPPED phase vs. time (h), median over lbd.
Swap with disp. corr.: NO=Red, YES=Orange x (-1).
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Base J2G1   RMS(swapNO)= 0.030 microns   RMS(swapYES)= 0.029 microns

-1.00e-01 0.00e+00 1.00e-01 2.00e-01 3.00e-01 4.00e-01
-1.50e+00

-1.00e+00

-5.00e-01

0.00e+00

5.00e-01

1.00e+00

1.50e+00
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Base G1A0   RMS(swapNO)= 0.045 microns   RMS(swapYES)= 0.040 microns



Differential 
Astrometry

• Fit uncertainty on 
separation = 15 µas

Page 3 / First dual mode file: /Volumes/GRAVITY-1TB/2017-01-04/astroreduced/GRAVITY.2017-01-04T01-53-51_astroreduced.fits

1) Separation of GJ65AB from orbit (Kervella et al. 2016):

R = 2270.291 +/- 10.670 mas, theta = 4.03006 +/- 0.20000 deg

2) GD only solution
X[mas] 199.915788087 0.0607774902377
Y[mas] 2261.0195391 0.0942522207819
ZPT_A0[um] 0 0
ZPT_G1[um] 133.407410931 0.0344993361563
ZPT_J2[um] -48.4683209371 0.0348231545561
ZPT_K0[um] -46.0374447677 0.0345719101944
Reduced Chi2 1.79977488149e-13 -

R = 2269.840 +/- 0.099 mas, theta = 5.05286 +/- 0.00154 deg
dR = -0.450 mas = -0.0 sigmas, dtheta = 1.02280 deg = 5.1 sigmas

3) Second fit of residual phasor of GD fit with FC MET ONLY
X[mas] 0.00250325172341 0.00952135478288
Y[mas] -0.015991971251 0.0147654802729
ZPT_A0[um] 0 0
ZPT_G1[um] 0.00530530497052 0.00540463941557
ZPT_J2[um] 0.00608495609402 0.00545536855652
ZPT_K0[um] 0.00889438343264 0.00541600880845
Reduced Chi2 4.41702805725e-15 -

R = 2269.825 +/- 0.016 mas, theta = 5.05296 +/- 0.00024 deg
dR = -0.466 mas = -0.0 sigmas, dtheta = 1.02290 deg = 5.1 sigmas

4) Second fit of residual phasor of GD fit with FC+TEL MET
X[mas] -0.00602873937791 0.00900571530611
Y[mas] -0.0205746112088 0.0139658393924
ZPT_A0[um] 0 0
ZPT_G1[um] 0.0065121615682 0.00511194520305
ZPT_J2[um] 0.00564429269308 0.00515992705138
ZPT_K0[um] 0.00905424130637 0.00512269887391
Reduced Chi2 3.95156462743e-15 -

R = 2269.819 +/- 0.015 mas, theta = 5.05276 +/- 0.00023 deg
dR = -0.471 mas = -0.0 sigmas, dtheta = 1.02270 deg = 5.1 sigmas
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Fig. 23. Dual-beam astrometry of the M-dwarf binary GJ 65: the top
panel shows the astrometry from three observing epochs in 2016 and
the best quadratic fit (black) to the GRAVITY data. The lower left panel
displays the orbit of GJ 65 from Kervella et al. (2016) based on seeing
limited and adaptive optics observations. On the lower right we plot
the residuals for the best quadratic fit to the GRAVITY astrometry. The
mean rms scatter is 42 µas and 64 µas in right ascension and declination,
respectively.

on unresolved stars as faint as mK ⇡ 10 mag, coherent exposures
on objects fainter than mK ⇡ 15 mag, limiting magnitudes of
mK ⇡ 17 mag, visibility accuracies better than 0.25% and clo-
sure phase accuracy better than 0.5�, multi-wavelength interfer-
ometric imaging with a spectral resolution of R ⇡ 4500, spectro-
di↵erential astrometry with a few µas precision, and dual-field
astrometry with 50 µas residuals.

The breakthrough with GRAVITY – especially with respect
to the observations of faint objects – is best illustrated with
the comparison to previous limits: before GRAVITY, the so-
far faintest object observed with near-infrared interferometry –
as part of the technical dual-field phase-referencing instrument
demonstration with the Keck telescopes – was mK = 12.5 mag
(Woillez et al. 2014), a factor of ten brighter than the flare from
the Galactic center black hole discussed in the previous chapter.
The di↵erence is even a factor of 100 when compared with pre-
viously published science observations, for which the faintest
objects had an apparent brightness around mK ⇡ 10.1 mag
(Weigelt et al. 2012) and mK ⇡ 10.2 mag (Kishimoto et al. 2011)
with the VLTI and Keck Interferometer, respectively. For fringe-
tracking – a prerequisite for long-exposures and high spectral
resolution interferometry – GRAVITY is increasing the sensitiv-
ity of the VLTI by a factor of ten compared to what is possi-
ble with FINITO, for which the H-band limiting magnitude for
phase-tracking is mH ⇡ 7.5 mag. The limiting magnitude records
of GRAVITY make a whole new range of objects accessible to
optical/infrared interferometry.

At the same time, GRAVITY can be used without spe-
cific interferometry expertise, comes with a science grade data
reduction software, and is o↵ered to the world-wide commu-
nity through the European Southern Observatory. Although the
Galactic center is the key science target for GRAVITY, the

instrument enables the study of many other objects, both with
the ATs and UTs.

This paper demonstrates the unique capabilities and perfor-
mance of GRAVITY with a number of notable firsts, including
the first observation of the Galactic center supermassive black
hole and its fast orbiting star S2 with infrared interferometry, the
first interferometric observations of a T Tauri star and a HMXB
at high spectral resolution, the first 10 µas spectro-di↵erential in-
terferometry of a quasar broad line region, and the first dual-field
interferometric astrometry with residuals as low as 50 µas.
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A-B orbit

• Accurate orbital parameters, 
masses (0.4%) and barycentric 
parallax (0.09%)

Kervella et al. A&A 594, A107 (2016)



Stellar conjunctions

• Now that we have the trajectories, let’s see which stars come close


• Difficulty: star catalogues are incomplete around bright stars
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Table 3. Close approaches within ⇢ = 500 of ↵Cen A or B between 1st January 2016 and 25 December 2049 for background stars brighter than magnitude m = 16 at visible wavelengths (VRIZ) and
m = 15 in the near-infrared (JHK).

?a ⇢min[00] Dateb #c K07d
mV �V mI �I mK �K RA Dec Epoch µ↵e µ�d �µd

B 0.205 ± 0.177 2021-05-03 S1 1266 20.00.5 18.7 17.60.2 17.2 13.580.17 14.2 14:39:25.224 �60:49:49.67 2009.152 –5 –12 12
A 1.643 ± 0.112 2023-04-27 S2 1184 15.70.2 15.7 13.30.2 13.9 11.140.03 12.6 14:39:24.283 �60:49:53.80 2016.236 +2 –2 5
B 1.354 ± 0.186 2023-12-12 S3 1181 19.70.3 18.4 16.00.2 15.6 12.890.11 13.5 14:39:24.264 �60:49:46.03 2009.152 +1 �4 11
B 2.433 ± 0.119 2024-10-26 S4 1113 17.50.2 16.2 15.90.2 15.5 � � 14:39:23.485 �60:49:42.91 2016.236 +6 +8 5
A 0.015 ± 0.135 2028-05-06 S5 0951 21.50.9 21.5 18.70.3 19.3 7.760.02 9.3 14:39:21.586 �60:49:52.89 2016.236 �5 �5 5
B 0.269 ± 0.277 2031-05-25 S6 0856 16.90.2 15.6 15.40.2 14.9 � � 14:39:20.518 �60:49:41.41 2009.152 �6 �1 11
B 0.194 ± 0.318 2034-11-20 S7 0717 17.10.2 15.8 15.30.2 14.9 � � 14:39:18.629 �60:49:41.23 2004.252 � � �
B 3.417 ± 0.338 2036-11-28 S8 0674 22.91.0 21.5 19.20.3 18.8 12.840.08 13.4 14:39:18.017 �60:49:37.33 2004.252 � � �
B 0.216 ± 0.342 2037-05-28 S9 0601 22.21.0 20.9 19.90.4 19.5 11.910.05 12.5 14:39:17.119 �60:49:42.18 2004.252 � � �
B 0.487 ± 0.381 2041-04-29 S10 0463 � � � � 10.670.04 11.3 14:39:15.142 �60:49:43.66 2004.252 � � �
A 0.263 ± 0.385 2041-10-15 S11 0462 17.60.2 17.6 15.80.2 16.5 � � 14:39:15.107 �60:49:34.88 2004.252 � � �
B 0.752 ± 0.382 2041-06-09 S12 0438 14.60.2 13.2 13.30.2 12.8 � � 14:39:14.753 �60:49:42.66 2004.252 � � �
A 1.120 ± 0.395 2042-10-18 S13 0420 � � � � 13.170.08 14.7 14:39:14.508 �60:49:34.19 2004.252 � � �
B 3.168 ± 0.420 2045-04-27 S14 0361 23.11.0 21.8 19.10.3 18.6 13.050.06 13.7 14:39:13.375 �60:49:39.35 2004.252 � � �
B 2.600 ± 0.429 2046-05-02 S15 0313 � � 15.70.2 15.3 � � 14:39:12.596 �60:49:45.89 2004.252 � � �
B 4.261 ± 0.430 2046-05-16 S16 0296 � � 18.10.2 17.7 13.020.06 13.6 14:39:12.262 �60:49:47.38 2004.252 � � �
A 3.121 ± 0.454 2048-10-24 S17 0251 14.00.2 14.0 12.60.2 13.3 11.780.04 13.3 14:39:11.421 �60:49:28.24 2004.252 � � �
B 0.269 ± 0.460 2049-06-12 S18 0213 22.81.0 21.5 18.50.2 18.1 12.740.09 13.3 14:39:10.515 �60:49:41.44 2004.252 � � �

Notes. The listed S star coordinates (ICRS) correspond to the indicated measurement epoch (no proper motion correction is included). The contrast with the corresponding ↵Cen star is listed in the
�V , �I and �K columns. The error bars on the photometry are given in subscript of the corresponding values. (a) The ? column lists the component of ↵Cen concerned by the conjunction. (b) The
uncertainty on the closest approach date is linearly proportional to �(⇢min) and equals approximately �(Date) = ±10 days for �(⇢min) = ±0.1000. (c) Star labels as used in the text. (d) K07: reference
number of the approached star in the catalog by Kervella & Thévenin (2007b). (e) The proper motion and associated uncertainty is listed in mas yr�1.
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Table 3. Close approaches within ⇢ = 500 of ↵Cen A or B between 1st January 2016 and 25 December 2049 for background stars brighter than magnitude m = 16 at visible wavelengths (VRIZ) and
m = 15 in the near-infrared (JHK).

?a ⇢min[00] Dateb #c K07d
mV �V mI �I mK �K RA Dec Epoch µ↵e µ�d �µd

B 0.205 ± 0.177 2021-05-03 S1 1266 20.00.5 18.7 17.60.2 17.2 13.580.17 14.2 14:39:25.224 �60:49:49.67 2009.152 –5 –12 12
A 1.643 ± 0.112 2023-04-27 S2 1184 15.70.2 15.7 13.30.2 13.9 11.140.03 12.6 14:39:24.283 �60:49:53.80 2016.236 +2 –2 5
B 1.354 ± 0.186 2023-12-12 S3 1181 19.70.3 18.4 16.00.2 15.6 12.890.11 13.5 14:39:24.264 �60:49:46.03 2009.152 +1 �4 11
B 2.433 ± 0.119 2024-10-26 S4 1113 17.50.2 16.2 15.90.2 15.5 � � 14:39:23.485 �60:49:42.91 2016.236 +6 +8 5
A 0.015 ± 0.135 2028-05-06 S5 0951 21.50.9 21.5 18.70.3 19.3 7.760.02 9.3 14:39:21.586 �60:49:52.89 2016.236 �5 �5 5
B 0.269 ± 0.277 2031-05-25 S6 0856 16.90.2 15.6 15.40.2 14.9 � � 14:39:20.518 �60:49:41.41 2009.152 �6 �1 11
B 0.194 ± 0.318 2034-11-20 S7 0717 17.10.2 15.8 15.30.2 14.9 � � 14:39:18.629 �60:49:41.23 2004.252 � � �
B 3.417 ± 0.338 2036-11-28 S8 0674 22.91.0 21.5 19.20.3 18.8 12.840.08 13.4 14:39:18.017 �60:49:37.33 2004.252 � � �
B 0.216 ± 0.342 2037-05-28 S9 0601 22.21.0 20.9 19.90.4 19.5 11.910.05 12.5 14:39:17.119 �60:49:42.18 2004.252 � � �
B 0.487 ± 0.381 2041-04-29 S10 0463 � � � � 10.670.04 11.3 14:39:15.142 �60:49:43.66 2004.252 � � �
A 0.263 ± 0.385 2041-10-15 S11 0462 17.60.2 17.6 15.80.2 16.5 � � 14:39:15.107 �60:49:34.88 2004.252 � � �
B 0.752 ± 0.382 2041-06-09 S12 0438 14.60.2 13.2 13.30.2 12.8 � � 14:39:14.753 �60:49:42.66 2004.252 � � �
A 1.120 ± 0.395 2042-10-18 S13 0420 � � � � 13.170.08 14.7 14:39:14.508 �60:49:34.19 2004.252 � � �
B 3.168 ± 0.420 2045-04-27 S14 0361 23.11.0 21.8 19.10.3 18.6 13.050.06 13.7 14:39:13.375 �60:49:39.35 2004.252 � � �
B 2.600 ± 0.429 2046-05-02 S15 0313 � � 15.70.2 15.3 � � 14:39:12.596 �60:49:45.89 2004.252 � � �
B 4.261 ± 0.430 2046-05-16 S16 0296 � � 18.10.2 17.7 13.020.06 13.6 14:39:12.262 �60:49:47.38 2004.252 � � �
A 3.121 ± 0.454 2048-10-24 S17 0251 14.00.2 14.0 12.60.2 13.3 11.780.04 13.3 14:39:11.421 �60:49:28.24 2004.252 � � �
B 0.269 ± 0.460 2049-06-12 S18 0213 22.81.0 21.5 18.50.2 18.1 12.740.09 13.3 14:39:10.515 �60:49:41.44 2004.252 � � �

Notes. The listed S star coordinates (ICRS) correspond to the indicated measurement epoch (no proper motion correction is included). The contrast with the corresponding ↵Cen star is listed in the
�V , �I and �K columns. The error bars on the photometry are given in subscript of the corresponding values. (a) The ? column lists the component of ↵Cen concerned by the conjunction. (b) The
uncertainty on the closest approach date is linearly proportional to �(⇢min) and equals approximately �(Date) = ±10 days for �(⇢min) = ±0.1000. (c) Star labels as used in the text. (d) K07: reference
number of the approached star in the catalog by Kervella & Thévenin (2007b). (e) The proper motion and associated uncertainty is listed in mas yr�1.
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Table 3. Close approaches within ⇢ = 500 of ↵Cen A or B between 1st January 2016 and 25 December 2049 for background stars brighter than magnitude m = 16 at visible wavelengths (VRIZ) and
m = 15 in the near-infrared (JHK).

?a ⇢min[00] Dateb #c K07d
mV �V mI �I mK �K RA Dec Epoch µ↵e µ�d �µd

B 0.205 ± 0.177 2021-05-03 S1 1266 20.00.5 18.7 17.60.2 17.2 13.580.17 14.2 14:39:25.224 �60:49:49.67 2009.152 –5 –12 12
A 1.643 ± 0.112 2023-04-27 S2 1184 15.70.2 15.7 13.30.2 13.9 11.140.03 12.6 14:39:24.283 �60:49:53.80 2016.236 +2 –2 5
B 1.354 ± 0.186 2023-12-12 S3 1181 19.70.3 18.4 16.00.2 15.6 12.890.11 13.5 14:39:24.264 �60:49:46.03 2009.152 +1 �4 11
B 2.433 ± 0.119 2024-10-26 S4 1113 17.50.2 16.2 15.90.2 15.5 � � 14:39:23.485 �60:49:42.91 2016.236 +6 +8 5
A 0.015 ± 0.135 2028-05-06 S5 0951 21.50.9 21.5 18.70.3 19.3 7.760.02 9.3 14:39:21.586 �60:49:52.89 2016.236 �5 �5 5
B 0.269 ± 0.277 2031-05-25 S6 0856 16.90.2 15.6 15.40.2 14.9 � � 14:39:20.518 �60:49:41.41 2009.152 �6 �1 11
B 0.194 ± 0.318 2034-11-20 S7 0717 17.10.2 15.8 15.30.2 14.9 � � 14:39:18.629 �60:49:41.23 2004.252 � � �
B 3.417 ± 0.338 2036-11-28 S8 0674 22.91.0 21.5 19.20.3 18.8 12.840.08 13.4 14:39:18.017 �60:49:37.33 2004.252 � � �
B 0.216 ± 0.342 2037-05-28 S9 0601 22.21.0 20.9 19.90.4 19.5 11.910.05 12.5 14:39:17.119 �60:49:42.18 2004.252 � � �
B 0.487 ± 0.381 2041-04-29 S10 0463 � � � � 10.670.04 11.3 14:39:15.142 �60:49:43.66 2004.252 � � �
A 0.263 ± 0.385 2041-10-15 S11 0462 17.60.2 17.6 15.80.2 16.5 � � 14:39:15.107 �60:49:34.88 2004.252 � � �
B 0.752 ± 0.382 2041-06-09 S12 0438 14.60.2 13.2 13.30.2 12.8 � � 14:39:14.753 �60:49:42.66 2004.252 � � �
A 1.120 ± 0.395 2042-10-18 S13 0420 � � � � 13.170.08 14.7 14:39:14.508 �60:49:34.19 2004.252 � � �
B 3.168 ± 0.420 2045-04-27 S14 0361 23.11.0 21.8 19.10.3 18.6 13.050.06 13.7 14:39:13.375 �60:49:39.35 2004.252 � � �
B 2.600 ± 0.429 2046-05-02 S15 0313 � � 15.70.2 15.3 � � 14:39:12.596 �60:49:45.89 2004.252 � � �
B 4.261 ± 0.430 2046-05-16 S16 0296 � � 18.10.2 17.7 13.020.06 13.6 14:39:12.262 �60:49:47.38 2004.252 � � �
A 3.121 ± 0.454 2048-10-24 S17 0251 14.00.2 14.0 12.60.2 13.3 11.780.04 13.3 14:39:11.421 �60:49:28.24 2004.252 � � �
B 0.269 ± 0.460 2049-06-12 S18 0213 22.81.0 21.5 18.50.2 18.1 12.740.09 13.3 14:39:10.515 �60:49:41.44 2004.252 � � �

Notes. The listed S star coordinates (ICRS) correspond to the indicated measurement epoch (no proper motion correction is included). The contrast with the corresponding ↵Cen star is listed in the
�V , �I and �K columns. The error bars on the photometry are given in subscript of the corresponding values. (a) The ? column lists the component of ↵Cen concerned by the conjunction. (b) The
uncertainty on the closest approach date is linearly proportional to �(⇢min) and equals approximately �(Date) = ±10 days for �(⇢min) = ±0.1000. (c) Star labels as used in the text. (d) K07: reference
number of the approached star in the catalog by Kervella & Thévenin (2007b). (e) The proper motion and associated uncertainty is listed in mas yr�1.

A
107,page

8
of15

Opportunities in the coming years

• With GRAVITY, we can measure the differential position of 𝛼 Cen 
A and B and the background S stars to ~10 µas.

• Extraordinarily accurate differential parallax and proper motion
Kervella et al. A&A 594, A107 (2016)
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Conjunction with S5
• In May 2028, 𝛼 Cen A will 

come within 0.015 ± 0.135" of 
star S5
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Conjunction with S5
• In May 2028, 𝛼 Cen A will 

come within 0.015 ± 0.135" of 
star S5

• S5 is faint in the visible, but 
bright in the infrared, Ks = 7.76
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• S5 is likely a very distant 
red supergiant

•  About 1/2 probability to 
enter the Einstein ring
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LRG 3-757; ESA/Hubble/NASA

Gravitational lensing



Future 𝛼 Cen observations with GRAVITY

Sensitivity to planets: 2.5 MEarth in the HZ 
Parallax target accuracy: 10 µas (now 610 µas) 

Proper motion accuracy goal: 1 µas / year (now 4 mas/yr) 



An interstellar probe ?

• Project Breakthrough Starshot
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using cameras, while eventually 
trying out laser communications 
techniques. “Zac’s work was one of 
the key things that convinced Yuri 
and me that this might be feasible,” 
says Worden.

Other aspects of this venture, 
however, are further from realization. 
That includes the proposed laser array, 
consisting of a large number (thousands, 
if  not millions) of modest-sized ground 
lasers all pointed at a minuscule 
target, thousands of miles in the sky. 
“No one has ever done this on the 
scale we’re talking about,” says Philip 
Lubin, a physicist at the University of 
California, Santa Barbara. But there 
are no fundamental physics barriers, 
Lubin adds, “and there is now a credible 
path forward.”

It’s a tricky problem, nevertheless. 
“For an array of one or several 
square kilometers, a laser on one side 
would see a different atmospheric 
density than a laser on the other 

side,” explains Harvard astrophysicist 
James Guillochon. “We would need 
to correct for all of those differences.” 
Furthermore, Guillochon notes, the 
laser light hitting the sail has to be 
exactly on target. “You want an even 
distribution of energy on the sail so it 
doesn’t deform.”

This leads to what may be the plan’s 
foremost challenge: coming up with 
a sail of a few square yards that’s 
sufficiently strong, thin and lightweight. 
It also has to be highly reflective and 
absorb less than 1/100,000 of the 
incoming light so that it doesn’t melt. 
While no material yet devised meets 
all of the technical requirements, 
researchers have made progress on 
individual parts of the problem.

After being sped up with laser beams, 
the Starshot probes would coast for the 
next 20 years, although it wouldn’t be 
smooth sailing. The nanocraft would 
face additional obstacles, primarily in 
the form of dust and gas encountered 
en route to the Alpha Centauri system. 

Princeton astrophysicist Bruce Draine 
estimates that the small spacecraft 
would sustain about a million collisions 
per square centimeter with dust 
grains during the journey — each 
one potentially a disaster at those 
speeds. Fortunately, there are ways of 
mitigating the damage. A beryllium 

or graphite coating could protect the 
electronics, and as another precaution, 
researchers could reduce the number 
of collisions by folding up the sail after 
the nanocraft is beyond the reach of 
Earth-based lasers. The craft could also 
be directed to fly sideways, led by its thin 
edge to present less of a target. 

Worden hopes to sponsor a series 
of space experiments of increasing 
complexity in the coming years. Early 
experiments would involve solar sails, 
pushed strictly by sunlight, which have 
flown before. Others would involve 
pushing sails with lasers, which has not 
yet been done. “There’s a whole range 
of things we hope to do,” Worden says, 
“and we’ll build up gradually over time.” 

SEEING THE SIGHTS
There will be a lot to see along the way. 
Rather than being focused on a single 
destination — Alpha Centauri’s stars 
— this program, says Worden, “is really 
about a journey.” 

We’ll start by exploring our own 
backyard, the solar system, and move 
on from there, says Loeb, who heads the 
Starshot advisory committee. After all, 
he notes, the tiny probes “can reach Pluto 
in three days, rather than the 9.5 years 
it took New Horizons to get there.” The 
program could sacrifice some of the 
multiple probes, he says, sending them 
“very close to targets we’re interested 
in. For example, we could fly through 
the plumes [of Enceladus] and see if we 
could detect the fingerprints of life.” The 
probes could also fly through the rings of 
Saturn or other harsh environments.

“With cheap, fast spacecraft,” says 
Guillochon, “we could send one out to 
every asteroid in the asteroid belt or to 
every Pluto-like object in the outer solar 
system. With these small craft ready 

HOW FAR AWAY IS ALPHA CENTAURI?

The tiny probes 
could reach Pluto 

in three days, 
rather than the 
9.5 years it took  
New Horizons 
to get there.

Harvard researcher Zachary 
Manchester designed the 
“chipsat,” a tiny probe that may 
reach the nearest star system. 
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Le Bouquin et al. (2008)

T Lep

• 4T interferometry (like 
PIONIER), with spectral 
resolution (like AMBER)

• Single field sensitivity ~ 
PIONIER

• Spectro-interferometry 
of stellar surfaces and 
environments at 
spectral resolution 
4000

• Within a single field of 
view (60 / 250 mas)

Alpha Cep (CHARA)

Mérand et al. (2005)

∂ Cep
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Exoplanets

• Astrometric wobble of 
star ➠ Planet mass

HST/FGS Benedict et al. (2009)



Exoplanets

• Astrometric wobble of 
star ➠ Planet mass

• Displacement of 
spatially resolved 
planets relative to their 
star ➠ Moons ?

HST/FGS Benedict et al. (2009)HR 8799

Marois et al. (2010)
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Extragalactic science
• Astrometry of stars near 

globular cluster cores

Eisenhauer et al. 2011



Extragalactic science
• Astrometry of stars near 

globular cluster cores

• Brightest stars in the 
Magellanic Clouds and 
their surroundings

Eisenhauer et al. 2011

R136 in LMC (HST)



Extragalactic science
• Astrometry of stars near 

globular cluster cores

• Brightest stars in the 
Magellanic Clouds and 
their surroundings

• Spectro-imaging of AGN 
cores (including spectro-
astrometry)

Eisenhauer et al. 2011

R136 in LMC (HST)

Raban et al. 2009




